BACKGROUND AND PURPOSE: Diffusion tensor imaging (DTI) may be a useful index of microstructural changes implicated in diffuse axonal injury (DAI) linked to persistent postconcussive symptoms, especially in mild traumatic brain injury (TBI), for which conventional MR imaging techniques may lack sensitivity. We hypothesized that for mild TBI, DTI measures of DAI would correlate with impairments in reaction time, whereas the number of focal lesions on conventional 3T MR imaging would not.
T raumatic brain injury (TBI) is the leading cause of death and disability in young people, with 1.4 million annually reported cases in the United States and an estimated 57 million people worldwide hospitalized with 1 or more TBIs. 1 Furthermore, approximately 80% of the hospital-reported patients with TBI are categorized as having mild TBI on the basis of a Glasgow Coma Scale score between 13 and 15. Although those patients with mild TBI with normal CT findings and no posttraumatic amnesia usually have complete resolution of posttraumatic symptoms within 1 month, approximately 30% of patients with mild TBI with posttraumatic amnesia have persistent posttraumatic symptoms, and a significant number at 1-year postinjury have decreased functional outcome. 2, 3 Structural imaging studies of acute TBI demonstrate that MR imaging is more sensitive than CT in the number of traumatic lesions visualized. 4 However, the relationship between focal structural lesions detected by conventional MR imaging and long-term patient outcome is controversial. 3, [5] [6] [7] Nevertheless, patients with TBI with posttraumatic symptoms often have cognitive impairment, and their cognitive function is a major predictor of poor outcome. [8] [9] [10] [11] [12] In particular, attention, working memory, cognitive manipulation of temporal information, and processing speed are vulnerable. 13, 14 Sequelae of TBI cause significant disability, which compelled the National Institutes of Health (NIH) to declare mild TBI as a major public health problem. 15 Although conventional MR imaging techniques can readily visualize posttraumatic focal structural lesions, they fail to adequately detect diffuse axonal injury (DAI), the key mechanism of damage following TBI. 16 DAI results from unequal rotational or acceleration/deceleration forces that cause multifocal lesions in white matter due to a shear-strain deformation. [17] [18] [19] DAI is primarily responsible for transient deficits in cognitive performance in domains such as processing speed, working memory, and attention. 20, 21 More recent studies suggest that DAI causes persistent postconcussive symptoms in executive function and memory dysfunction. 8, [22] [23] [24] [25] MR diffusion tensor imaging (DTI) may be used to better assess DAI. In DTI, the characteristics of water diffusion in the brain are used to assess microstructural integrity of white matter pathways. 26 In white matter, water diffuses more readily along the orientation of axonal fibers than across the fibers due to hindrance from structural elements such as the axolemma and the myelin sheath. One can calculate the apparent diffusion coefficient (ADC), which is a rotationally invariant measure of the magnitude of diffusion. The degree of directionality of diffusion is termed "anisotropy." This is the variation in the eigenvalues of the diffusion tensor. 27 Fractional anisotropy (FA), a normalized measure of anisotropy, has been shown to be sensitive to microstructural changes in white matter integrity. 28, 29 Such measurements quantify the extent of damage following TBI 24, [30] [31] [32] and are more sensitive than conventional MR imaging to axonal injury in a mouse model of TBI. 33 In a group of patients with mild TBI with persistent postconcussive symptoms, we tested the hypothesis that the extent of microstructural white matter injury on DTI would account for deficits in cognitive reaction time, whereas the number of focal lesions on conventional MR imaging would not. The purpose of this study was to determine the predominant areas of damage in mild TBI and whether the spatial extent of white matter injury on DTI can be used as an effective biomarker for global cognitive outcome.
Methods

Participants
The group with mild TBI consisted of 34 patients (18 male, 16 female) who had Glasgow Coma Scale scores of 13-15 at the time of injury, loss of consciousness, and posttraumatic amnesia. All subjects with mild TBI were examined at least 1 month postinjury (range, 1-65 months) and had at least 1 persistent postconcussive symptom determined from a self-completed head injury symptom checklist survey. The subset of postconcussive symptoms in the head injury symptom checklist included headaches, fatigue, dizziness, irritability (lack of patience), anxiety or depression, difficulty sleeping, personality changes, or apathy. 34 To avoid several confounds associated with spatial normalization of white matter tracts, we adopted a region-of-interest approach to test specific structures throughout the brain selected in an a priori fashion. Each region of interest was placed in an anatomically identifiable white matter tract on the directionally encoded color FA images (Fig 1) . The region-of-interest procedure consisted of using standard ellipse-shaped regions of interest. Selection and analysis were implemented with software written in Interactive Data Language, Version 6.0 (ITT Visual Information Solutions, Boulder, Colo). Ellipses were prescribed on axial directionally encoded anisotropy maps at the center and within the boundaries of each structure in normal-appearing white matter, as assessed from the conventional MR imaging sequences. The sizes and dimensions of ellipses were kept constant for each tract across subjects. Subsequently, the anatomic accuracy of the region-of-interest placement was validated by a board-certified neuroradiologist. Intrarater reliability was assessed from the coefficient of variation of FA from repeat region-of-interest measurements in 5 healthy subjects. The selected structures, following the nomenclature of Mori et al, 37 are displayed and listed in Fig 1. Mean and SD of FA values for each region of interest were recorded. In patients with TBI, a white matter structure with an FA value reduced by more than 2.5 SDs below the mean for that region of interest in the control subjects was considered damaged. The posterior and anterior centrum semiovales were combined into 1 measure such that the centrum semiovale was defined as damaged if the FA was below the threshold in either region of interest. Similarly, the posterior and anterior inferior longitudinal fasciculi were combined into 1 measure. For paired structures, an FA value below the 2.5-SD threshold in either hemisphere designated the tract as damaged, regardless of whether the FA fell below the threshold in 1 or both hemispheres. The number of damaged white matter structures measured on the DTI scan and the number of traumatic microhemorrhages detected on the T2*-weighted MPGR scan by a board-certified neuroradiologist were tallied and correlated with the global measure of cognitive performance described below.
Cognitive Assessment
The 
Statistics
Significance was demonstrated by nonparametric statistical tests. The Spearman statistic was used to test for significance of correlations between FA and mean reaction time as well as between the number of self-reported symptoms and MR imaging findings. The Spearman statistic was also used to test for any correlations between age and FA in the regions of interest measured in the control and patient groups. In this, a Bonferroni correction was used to correct for multiple comparisons. Mann-Whitney U tests were used to test statistical significance when comparing the mild TBI cohort and the healthy control group.
Results
Conventional MR imaging findings were normal in all 26 control subjects. Demographic data of the patients, including age, sex, Glasgow Coma Scale score, head injury symptom checklist, time since injury, and conventional MR imaging findings are displayed in On-line Table 1 . The coefficient of variation for intraoperator reliability was Ͻ3% for all regions of interest measured. Although a significant difference of age was present between the TBI and control groups (Mann Whitney U test ϭ 248.0, P ϭ .004), no significant correlations were found between FA and age in any of the regions of interest in either the control or patient groups. On the basis of the MR imaging examination excluding DTI, 11 patients with TBI had normal findings and 11 patients with TBI had traumatic microhemorrhages on 3T MPGR T2*-weighted imaging. The remaining 12 patients with TBI had either nonspecific white matter hyperintensities evident on T2-weighted FLAIR images or evidence of chronic hemorrhagic contusions. There was no correlation between the number of self-reported symptoms (head injury symptom checklist) and MR imaging findings (r ϭ 0.14, P ϭ .46). For the DTI analysis, a white matter tract was considered to show microstructural injury in a patient with TBI if the FA was reduced by more than 2.5 SDs below the control mean. Following this definition, On-line Table 2 summarizes the structures damaged in the patients with mild TBI on the basis of DTI. The most frequently damaged tracts were the anterior corona radiata in 14 of 34 patients and the uncinate fasciculus in 10 of 34 patients. The genu of the corpus callosum was frequently damaged (7/34), as well as the cingulum bundle (7/34) and the inferior longitudinal fasciculi (6/34). The 5 most frequently injured white matter tracts were all located in frontal and temporal lobes, corresponding to the rostral portions of the anterior and middle fossae.
Almost one third of the patients with mild TBI had normal findings on conventional 3T MR images of the brain (subjects 4, 8, 13, 18, 19, [21] [22] [23] [24] 27 , and 32 in On-line Table 1 ), yet 10 of these 11 patients had at least 1 structure with FA values in the range defined as having microstructural injury.
DTI results were significantly correlated with cognitive reaction time, as measured by the mean reaction time score in the Attention Network Task. Figure 2A shows the correlation between mean reaction time and the number of white matter structures with microstructural injury detected by DTI (r ϭ 0.49, P ϭ .012). In contradistinction, Fig 2B shows that the number of traumatic microhemorrhages detected by T2* MPGR did not correlate with mean reaction time (r ϭ Ϫ0.08, P ϭ .70).
Discussion
Conventional MR imaging and CT often underestimate the extent of axonal injury following a TBI. Patient reports of postconcussion syndrome may be dismissed in the context of normal findings on CT or conventional MR imaging. Even when focal structural lesions such as traumatic microhemorrhages are identified by routine clinical neuroimaging, their prognostic value for patient outcome is uncertain. 6, 7, 39 In this 3T DTI study, we showed variable extent of microstructural injury in normal-appearing white matter in a cohort of 34 patients with isolated mild TBI. This study also demonstrated that 10 of 11 patients with mild TBI with no abnormalities on conventional 3T MR imaging had evidence of microstructural white matter injury on DTI. Most important, the extent of microstructural white matter injury on DTI correlated with impaired cognitive reaction time, unlike the number of traumatic microhemorrhages detected on conventional MR imaging.
Evidence of DAI in Mild TBI
Despite the high incidence of TBI in the population, there are relatively few studies of subjects with TBI with postconcussive symptoms. 9 There are rare cases in which neuropathologic information can be acquired from human postmortem studies typically involving patients who die from other causes soon after their injury. For example, Blumbergs et al 40 reported 5 patients with mild TBI who died of other causes, with DAI based on postmortem histopathology. Bigler 9 reported that a patient with mild TBI had working memory deficits and, at autopsy, was noted to have hemosiderin-laden macrophages in the perivascular space and macrophages in the white matter particularly in the frontal lobe. A gross macroscopic inspection of the brain at autopsy was unrevealing, indicating the need for techniques that can probe microscopic structural changes. 9 These studies and others indicate axonal shear injury to be the primary mechanism of damage in mild TBI. 17, 19 Most interesting, in a mouse model of TBI, reduced anisotropy on DTI correlated with the attenuation of axons stained with amyloid precursor protein, suggesting that DTI is indeed sensitive to the microstructural effects of traumatic axonal injury. 33 This mouse study showed that conventional MR imaging was not as sensitive as DTI to axonal injury, consistent with the results of our study in human patients with TBIs. This pattern Fig 2. A, Correlation of the number of damaged white matter tracts and speed of processing. The correlation is statistically significant (P ϭ .012) with r ϭ 0.49. B, In contradistinction, the corresponding analysis, by using conventional MR imaging of the number of traumatic microhemorrhages correlated with speed of processing, is not statistically significant (r ϭ Ϫ0.08, P ϭ .70).
of conventional MR imaging underdiagnosing the extent of damage has been documented in previous studies of patients with TBI with mild-to-severe head injury. 41, 42 Although the exact mechanisms that cause changes in DTI measures such as FA are not fully understood, it is generally accepted that loss of the microstructural integrity of white matter reduces FA values. 30 Disruption of the parallel organization of fiber tracts, loss of myelination, and increased permeability between internal and external axonal environments are plausible consequences of DAI. 17, 43, 44 
DAI and Pattern of DTI Lesions
To study the pattern of microstructural axonal injury, we defined a white matter pathway to be damaged if the FA value was reduced to values Ͻ2.5 SDs below the mean FA of the corresponding structure in the control group. Although DTI can change significantly when broad age ranges are considered, 28 we did not match the age of the control group (used to derive an objective criterion indicating damage in FA within each region of interest) to the age of the patient group overall, or to each patient specifically. Thus, this criterion might change with age in a systematic fashion, which could, in turn, impact the data reported. The highest rate of FA changes, however, is in the early years of life. A recent study shows that, when using a region-of-interest analysis, only FA of the centrum semiovale shows a correlation with age in a young adult group. 45 Furthermore, no significant correlations existed in any of our regions of interest measured between age and FA in either the healthy group or the control group, suggesting that criterion estimates may be fairly stable over the age range in this study. Given the relative stability of FA in adults and the conservative threshold chosen to define a lesion, it is unlikely that age had a significant impact on the categorization of patient results.
With the 2.5-SD threshold, in a healthy population, an FA measure under this threshold would occur Ͻ0.62% of the time. That means that only approximately 4 false-positives would be expected in the multiple comparisons of On-line Table 2 if the patients with TBI did not differ from the control sample. However, as seen in On-line Table 2 , there are many more locations throughout the brain where reduced FA, falling beyond this criterion for damage, occurs after a mild TBI. Given the conservative nature of this threshold, it is likely that smaller or minor white matter lesions would not be detected by this statistical test. Nevertheless, the data clearly show that frontal and temporal lobe fibers, especially the anterior corona radiata and uncinate fasciculus, tend to be selectively damaged. This pattern of damage is consistent with a rotational shearing mechanism that would cause the greatest damage to tracts that are the farthest from the axis of rotation at the neck. Other common areas of damage include the genu of the corpus callosum, cingulum bundle, and inferior longitudinal fasciculi, which are also rostrally located.
Methodology of DTI Measurements
The DTI sequence used in this study contained 55 diffusionencoding directions. There has been debate in the literature about the optimal number and orientational distribution of diffusion-encoding directions; however, the emerging consensus is that diffusion tensor estimation is more robust with data acquired from many diffusion-encoding directions rather than repeated scans of the minimal (ie, 6) number of directions. 46, 47 The rationale for sampling more directions is that this reduces the orientational dependence and increases the accuracy and precision of diffusion tensor parameters such as FA, mean diffusivity, and eigenvalues and eigenvectors. In other words, measurement errors will not be as dependent on relative orientation of the measured diffusion tensor compared with the set of diffusion gradient directions. According to 1 Monte Carlo computer simulation study, 46 at least 20 unique directions are necessary for a robust estimation of anisotropy, whereas at least 30 directions are required for a robust estimation of tensor orientation (ie, the primary eigenvector) and mean diffusivity. This has been validated in real data from the human brain, which show that there is less bias and greater precision in FA measurements made with greater numbers of diffusion-encoding directions. 47 Although region-of-interest analysis is the most commonly used method for DTI research and has many merits, there are limitations to its use in the study of TBI. Region-of-interest analysis only lends itself to sample a finite number of regions, despite the fact that axonal injury is often diffuse. The rater for this study placed regions of interest only on normal-appearing white matter, avoiding areas that appeared damaged on conventional MR imaging. Hence, it is likely that the extent of damage determined from this region-of-interest analysis of FA maps is underestimated.
Another method for analyzing DTI is a voxel-based approach. Salmond et al 25 used this technique in a study of 16 chronic TBI survivors, reporting FA changes in a number of white matter tracts that revealed a heterogeneous distribution of damage among the cohort. Although voxel-based analysis is operator-independent, fast, and suited for group analyses, there are concerns as to the accuracy of the final measurement due to errors that may arise from the required spatial normalization and coregistration processes. The accuracy of the normalization may be compromised by the presence of focal lesions and atrophy in some patients, abnormalities that are heterogeneous in their spatial extent and distribution across subjects. In our study, we chose to use a region-of-interest technique to avoid confounds from such normalization and coregistration errors. An added advantage of the region-ofinterest approach is that it is appropriate for individual analysis, unlike voxel-based techniques that have yet to establish their validity in single-subject analysis.
Correlation of DTI with Cognitive Deficits
Our finding of a lack of correlation between conventional MR imaging results and patient outcome in TBI is consistent with recent studies. Scheid et al 7 defined DAI in 66 patients with chronic TBI of all severities on the basis of T2*-weighted gradient-echo hypointensities at 3T, which correspond to traumatic microhemorrhages. Although the number of microhemorrhages correlated with injury severity on the basis of the Glasgow Coma Scale at presentation, there was no correlation with functional outcome scored with the Glasgow Outcome Scale. A follow-up 3T MR imaging study included 18 patients with "pure DAI," defined as traumatic microhemorrhages in the absence of other posttraumatic abnormalities on conventional MR imaging. These patients had evidence of cognitive impairments, especially memory and executive function. However, there was no correlation between the number of microhemorrhages and global cognitive performance. A 1T MR imaging study of 80 patients with acute mild TBI demonstrated no correlation of conventional MR imaging lesions with neurocognitive tests of memory, learning, attention, and executive function at long-term follow-up. 39 There is mounting evidence that individual differences in microstructural white matter integrity account for variation in a wide range of cognitive skills. For example, groups have shown significant correlations of frontoparietal white matter FA values to memory performance and of frontostriatal FA measurements to cognitive control. [48] [49] [50] [51] [52] However, there is a dearth of prior work relating DTI to neurocognitive function in TBI. Two prior DTI studies of TBI showed that reduced white matter FA values are correlated with the Glasgow Coma Score at presentation 24, 53 and with the modified Rankin Scale score at hospital discharge. 24 A prior DTI investigation has evaluated neurocognitive status, finding that ADC is associated with impaired learning and working memory in patients with chronic TBI and that there are significant bilateral decreases in anisotropy in major white matter tracts in the temporal, frontal, parietal, and occipital lobes. 25 In a more recent DTI study of TBI, Kraus et al 54 examined a group of 20 patients with mild TBI and demonstrated that these subjects had reduced FA in the corticospinal tract (which corresponds to our superior corona radiata, posterior limb of the internal capsule, and cerebral peduncle), sagittal stratum (which corresponds to our forceps major), and superior longitudinal fasciculus. In their study, a 1-SD threshold (in contrast to the 2.5-SD threshold used in our study) below the control mean FA was used to indicate reduced anisotropy. Using this criterion, Kraus et al found an average of 5.9 regions of interest with reduced FA in their subjects with mild TBI, but, most important, also reported that control subjects had, on average, 3.6 regions of interest with reduced FA. Thus, with such a criterion, it is difficult to assess whether FA reduced by 1 SD is due to normal interindividual variability in white matter integrity or is truly a result of DAI. In contradistinction, with a 2.5-SD threshold, none of our control subjects had reduced FA, suggesting that FA values below this are likely pathologic in nature. Kraus et al also found that the number of structures with reduced FA correlated with executive, attentional, and memory measures. This is consistent with our finding that the extent of posttraumatic microstructural axonal injury on DTI correlates with reduced cognitive reaction time, suggesting that DTI can reveal a biologic substrate for cognitive impairments in TBI.
Anterior corona radiata fibers pass through the Brodmann area 32, which consists of the dorsal anterior cingulate. Additionally, uncinate fasciculus fibers pass through the Brodmann area 11, which is part of the frontal cortex, covering the medial portion of the frontal lobe and connecting to the temporal lobe at Brodmann areas 20, 28, 34, and 36. DTI research in schizophrenia indicates that FA reduction in this pathway corresponds to poor verbal and visual memory performance. 55, 56 The relative frequency of injury to the anterior corona radiata and the uncinate fasciculus, as well as to the cingulum and the genu of the corpus callosum, may explain the impairment of cognitive reaction time found in this study of mild TBI. Future studies will more closely examine the neuronal circuitry involved in cognitive domains commonly impaired following TBI to predict cognitive deficits on the basis of physical injury. This research will also investigate whether relationships of normal interindividual variation of cognitive function and white matter integrity are also evident in the extended range of function and integrity that exist in patients with TBI. Prospective longitudinal assessment of patients with TBI from the acute phase through the chronic phase is needed to understand the relationship between the evolution of microstructural white matter injury and the recovery of function after TBI, which is underway at the Cognitive Neurobiological Research Consortium in Traumatic Brain Injury.
Conclusion
We find that the extent of microstructural white matter injury on DTI in patients with mild TBI with postconcussive syndrome is associated with poorer reaction time in a simple cognitive task, whereas the number of traumatic microhemorrhages on conventional 3T MR imaging is not. This study provides preliminary evidence that DTI may serve as a microstructural imaging biomarker for long-term neurocognitive impairments in TBI.
